Introduction
Utilization of binary mixtures of carbon dioxide (CO2) and room temperature ionic liquids (RTILs) has recently attracted much attention. It has been reported that CO2 is extremely soluble in RTILs, while RTILs do not evaporate into the gaseous CO2 phase. 1 Due to this unique character of the phase behavior, the system has potential applications for extraction or purification as a green solvent. The solubility of CO2 in various RTILs has been extensively studied [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and the structure of the binary mixture has been studied experimentally and theoretically. [18] [19] [20] [21] [22] On the other hand, reports on transport properties of these systems such as viscosity and diffusion are still limited in spite of their importance in designing chemical processes. How the dynamic properties of the mixture will change due to the dissolution of CO2 is also academically an interesting issue. Liu et al. have reported the viscosity of the binary mixtures of CO2 and 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIm] [PF6]) system along the saturated line. 23 According to their study, the viscosity of the mixture decreases with increasing pressure CO2, and the variation is large in the lower pressure region at the lower temperature. Very recently, Tomida et al. have reported the viscosity of the same system at various thermodynamic states. 24 Kanakubo et al. reported the electric conductivity of the binary mixture of CO2 and [BMIm] [PF6], and found a more enhanced effect of CO2 on the conductivity than on the viscosity. 25 However, other transport properties such as the thermal diffusivity and the translational diffusion of solute molecules dissolved in the mixture are not usually found in the literature.
In this paper, we applied the transient grating (TG) spectroscopy to the mixtures of CO2 and [BMIm] [PF6] for the first time in order to determine various transport properties such as the sound velocity, the thermal diffusivity, and the translational diffusion coefficients of solute molecules dissolved in solution. In the TG measurements, two laser pulses are introduced into the sample solution simultaneously, which makes a transient optical grating in the solution. 26 The solute molecules in the solution are photoexcited by this optical grating, and the grating of the optical refractive index is produced due to the heat expansion or variation of molecular species caused by the photochemical processes after the excitation. The grating disappears due to the thermal diffusion and/or molecular translational diffusion. These processes are monitored by the intensity change of the diffracted light of the probe beam incident on the sample solution when the Bragg diffraction condition is satisfied. Generally the binary mixtures of CO2 and RTILs are biphasic (one is the RTIL-rich phase, and the other the gaseous CO2 phase), and it is often difficult to apply traditional experimental methods to such a high-pressure biphasic system. The TG method can detect the dynamics of the RTIL-rich phase by selectively photoexciting the solute molecules in the RTIL-rich phase; this method thus has wide applicability for the measurements of the transport properties for biphasic systems of scientific interest. We used the photo-dissociation reaction of diphenylcyclopropenone (DPCP) for the TG measurements. After the photo-excitation of UV-light, DPCP dissociates into diphenylacetylene (DPA) and carbon monoxide (CO), as is shown in Scheme 1. 27, 28 By utilizing this reaction, we determined the sound velocity, the thermal diffusivity, and the translational diffusion coefficients of CO, DPA, and DPCP in the mixture of CO2 and [BMIm] [PF6]. To the best of our knowledge, there has been no report on the sound velocity and the thermal diffusivity of the binary mixtures of CO2 and RTIL. Previously, we have reported the translational diffusion Transient grating spectroscopy was applied to measurements of sound velocity and thermal diffusivity in binary mixture solutions of carbon dioxide (CO2) and 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIm] [PF6]) along the saturated line of CO2 at 40˚C up to 20.0 MPa. The sound velocity decreased more than 10% by increasing the pressure to 10 MPa, and the pressure effect was very small above 10 MPa. The change in the thermal diffusivity was small. The translational diffusion coefficients of carbon monoxide, diphenylacetylene (DPA), and diphenylcyclopropenone (DPCP) were also determined. The diffusion coefficients increased up to 10 MPa, and the pressure effect was almost saturated above 10 MPa. The pressure dependence of the diffusion coefficients of DPCP and DPA was larger than that of carbon monoxide. The results are discussed in relation with the viscosity change caused by applying pressure. † To whom correspondence should be addressed. E-mail: ykimura@kuchem.kyoto-u.ac.jp coefficients of these molecules in various RTILs and found that the viscosity dependence of the smaller molecule such as CO is smaller than those of DPCP and DPA. 29 It is interesting to study how the existence of CO2 in RTILs affects the diffusivity of these molecules.
Experimental
Reagents and chemicals 1-Butyl-3-methylimidazolium hexafluorophosphate ([BMIm][PF6]) was purchased from Kanto Kagaku. The halogen impurity was less than 12 ppm, and the original water content was less than 10 ppm. DPCP (Nacalai Tesque) were used after recrystallization from ethanol. Carbon dioxide (>99.99%) supplied by Ekika Tansan Co. was used without further purification.
Apparatus
A schematic illustration of the experimental setup is shown in Fig. 1 . The experimental setup for the TG measurement has been described elsewhere. 29, 30 Briefly, the 355 nm (lpump) third harmonic of a Nd:YAG laser (Continuum, Minilite II) was used as an excitation pulse. This excitation pulse was split by a beam splitter and crossed into a sample solution with a certain angle of q simultaneously. At the same time, the 633 nm He-Ne laser beam (Lasos Lasertechnik, LGK7654-8) was brought into the sample solution with an angle which satisfied the Bragg condition. The diffracted probe beam (TG signal) was detected by a photomultiplier tube (Hamamatsu Photonics, R3896) and averaged by a digital oscilloscope (Tektronix, DPO7104).
The optical high pressure cell used here was described elsewhere. 31 Briefly, the high pressure cell had two sapphire windows in the opposite sides and the optical path length was about 10 mm. The inner volume of the cell was ca. 10 cm 3 . For the TG measurement, at first DPCP was dissolved into [BMIm] [PF6]; then the sample solution was filtered by a membrane filter in order to remove undissolved solute and/or dust. The optical density of the sample solution was adjusted to be around 1.5 for 1 cm optical path length at 355 nm. After the evacuation under a vacuum pump for more than 2 h at 40˚C in order to deoxygenate and remove evaporable impurities such as water, the sample solution was placed into the high pressure cell, and then the cell was sealed. Carbon dioxide supplied from a bomb was introduced into the cell after the equilibration of the temperature of the cell, and the solution was vigorously stirred by a magnetic stirrer. After the equilibrium was attained (more than 3 h), the TG measurement was performed at each pressure of CO2. The equilibration was tested by the stability of the pressure and the time constants obtained by the TG measurement. The pressure of the system was monitored by a strain gage (Kyowa PGM-500KH), and the temperature of the cell was controlled by flowing thermostated water through the holes of the cell. All experiments were performed at 40˚C.
The viscosity of the sample solution was measured using a viscometer (Brookfield LVDV-II, cone plate CPE-40). The value was 260 cP at 298 K, which was close to the reported value. 32 We also compared the viscosities before and after the experiment, and the variation of the value was quite small (less than 2%). , where q is the grating lattice wavenumber given by 4p sin(q/2)/lpump. A damping oscillation of the TG signal was observed on this time scale due to the acoustic signal produced by the heat dissipated during the photo-chemical reaction. The signal was well simulated by the following equation: 33, 34 
Results and Discussion

Analysis of the TG signals
ITG(t) µ (a1 -a2cos(wt
where a1 and a2 are the constants, w the sound frequency, f the phase factor, and GA the damping factor, respectively. We fitted the signal after excluding the initial several oscillations just after the excitation, since there was a contamination of the scattering of the pump pulses in the signal and the phase factor was artificially introduced to adjust the time shift. As is shown in the figure, the equation almost reproduced the signal, although the damping behavior was not perfectly reproduced. We are not sure of the reason for the discrepancy, but the damping behavior of the TG signal is sensitive to the excitation spot size. 34 The sound frequency was determined with enough accuracy by the fitting. The sound velocity of the solution (c) was determined by the relation
The value of q was determined by the TG acoustic signal for the reference solution (nitrobenzene/methanol) where only the acoustic and thermal grating signals were produced. The sound frequency w of the reference solution was determined by fitting the signal to Eq. (1). Then the reported value of the sound velocity of methanol was used 34 Figures 3a and 3b show the TG signals representing the thermal diffusion and translational molecular diffusions, respectively. After the acoustic signal, the signals due to the thermal grating (Fig. 3a) , and species gratings of CO, DPCP, and DPA (Fig. 3b) , were observed as reported previously. 29 Since the thermal grating decay was much faster than the decays of the species gratings, the signal was simulated by the following equation as
where b1 and b2 are constants, and Dth is the thermal diffusivity, respectively. As is shown in the figure, the signal was well simulated by Eq. (3), and Dth was determined by the decay rate of the signal and the value of q. The value of q was determined by the decay rate of the thermal grating signal of the reference solution measured at the same optical geometry and the Dth of methanol was calculated by using the relation Dth = l/rCP; here l is the thermal conductivity, r the density, and CP the isobaric heat capacity. 35, 36 On the other hand, the decays of the species gratings (Fig. 3b) were simulated by the following equation: 29 
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where DnCO, DnDPA, and DnDPCP, are the initial peak-null differences of the refractive indexes produced by the species gratings. DCO, DDPA, and DDPCP are the translational diffusion coefficients. As was done previously, 29 we fixed the ratio of DnDPCP to DnDPA (DnDPCP/DnDPA = 1.15) in order to improve the fitting reliability. The smooth solid line in the figure shows the result of the fitting, which well simulated the TG signal. 37 Previously we reported that there is a sound velocity dispersion in RTILs around the sub GHz region. 34 The sound frequency in the present study was around 30 MHz; the slight difference from the reported value may be due to the sound velocity dispersion. Figure 4 shows the pressure dependence of the sound velocity. The sound velocity decreased with increasing pressure of CO2 until 8.0 MPa by about 10%, and then the dependence becomes very small. Thermodynamically, the sound velocity in the low-frequency limit is related to the isentropic compressibility bS as
Pressure dependence of the sound velocity
where
Here we tried to estimate the pressure dependence of bS by Eq. (5) using available information on the density of mixture r and the sound velocity c determined in this work. We assumed that the sound velocity obtained here is in the low-frequency limit, although the value may be slightly larger due to the effect of the sound dispersion as is mentioned in the previous paragraph. According to Ref. 4 , the system volume change with pressure (DV/V) defined by Eq. (4) 22 CO2 is localized around the sites of PF6 anion. The pressure dependence of bS suggests that the occupation of the local sites somewhat loosens the structure of ionic liquids. When all the sites may be occupied, the ionic liquid is hard to compress by the external force. Table 2 summarizes the thermal diffusivity and the translational diffusion coefficients of CO, DPA, and DPCP at various pressures of CO2, and Fig. 5 shows the plot of all the data against the pressure of CO2. Dth was almost pressure independent within the experimental errors (at most 7% of the value) in this work. The accuracy of Dth in the present study was not good, probably because the TG signal contains the slower species grating signals other than the thermal grating signal, which interferes in the estimation of Dth in Eq. (3).
Pressure dependence of the diffusion coefficients
As is shown in the figure, the translational diffusion coefficients of CO, DPA, and DPCP show large initial pressure dependence, and the pressure effect is mostly saturated at the pressure higher than 10 MPa. The saturation is probably because the solubility of CO2 is nearly saturated above 10 MPa and therefore the change of the molecular compositions in the liquid phase becomes quite small. It is also notable that the effect of the pressure is larger on DPA and DPCP than on CO. The diffusion coefficients of DPA and DPCP at 10 MPa are about ten times larger than those under ambient condition, while the diffusion coefficient of CO at 10 MPa is about only 4 times larger than that under ambient condition. Generally the diffusion coefficient is discussed in relation with the viscosity of the solvent. As is mentioned in the Introduction, the viscosity of the mixture of CO2 and [BMIm] [PF6] was measured by Liu et al. and the pressure dependence of the viscosity is also plotted in Fig. 5 . 23 Although the pressure dependence of viscosity is similar to that of the diffusion coefficient, the effect of the pressure is larger on the diffusion coefficient. The change of the viscosity is about one-third from under the ambient condition to 10 MPa.
The present correlation between the viscosity and the diffusion coefficient is quite different from the case where the diffusion coefficients of CO, DPA, and DPCP were studied in various kinds of RTILs with different values of viscosity. 29 In the previous paper, we empirically related the diffusion coefficient with a power law of the solvent viscosity (h) as 29, 38, 39 
where T is the absolute temperature. This equation is identical to the well-known Stokes-Einstein equation when p = 1. The values of p estimated from the viscosity dependence in various solvents were 0.68 for CO, 0.87 for DPA, and 0.93 for DPCP, respectively. 29 The diffusion coefficients showed the smaller viscosity dependence than predicted by the SE relation, and the deviation was significant for the smaller solute molecule. Similar viscosity dependences have also been reported for other molecules in RTILs. 40 In the present case, however, the situation is quite different; the viscosity dependence can not be simulated by Eq. (9) for p < 1, and rather the diffusion coefficients change much more than expected from the SE relation. Kanakubo 25 According to their study, the conductivity increases by a factor of six almost linearly with pressure up to about 10 MPa, and the effect of the pressure is saturated above 10 MPa. Although the electric conductivity is not directly linked to the diffusion of cation or anion in the case of RTILs due to the correlated motions between cations and anions, 32, 41 the results of both the conductivity and the diffusion coefficients in this work suggest an enhanced effect of CO2 on the translational motions of the molecules in RTIL more than on the viscosity.
At present, we do not know the detailed mechanisms why the diffusion in [BMIm] [PF6] with CO2 saturated is faster than is expected from the viscosity change. It is noted here that the pressure dependence of the viscosity reported in the literature may be affected by the presence of water impurity (0.1 wt%). 23 In fact, the absolute value of the viscosity at ambient condition in Ref. 23 (92.3 cp at 40˚C) is rather smaller than reported values 42, 43 for the samples with less water impurity (e.g. 120 cp at 40˚C). 43 Therefore, the effect of CO2 on viscosity may not be well traced. The viscosity measurement for the purified sample under CO2 is desirable.
Remarkably faster diffusion of solute molecule has also been reported for RTILs composed of phosphonium cations; 29, 40, 44 e.g., the diffusion coefficients of CO, DPA, and DPCP did not follow the viscosity dependence obtained for other RTILs, and were much faster than expected from the relation. 29 It has been suggested that the solute molecules may diffuse more rapidly by moving through the void space due to the much bulkier structure of this cation. In the present case, an increase of the composition of CO2 in RTIL may increase the void space by expanding the liquid. According to Ref. 4 3 ), although the translational diffusion is still fast. Therefore, the variation of void volume alone cannot explain the observed phenomena. One possibility is an increase of the inhomogeneity of the liquid structure. With an increase of the CO2 composition, it is expected that non-dipolar domains grow in RTILs. Non-polar molecules may diffuse through this nondipolar domain. The deeper study of the local structures of solute molecules in the mixtures of CO2 and RTILs, such as the vibrational spectroscopic measurement of the solute molecules, will also be a help to understand the phenomenon, and the study of the Raman spectrum of DPCP is now under consideration.
